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The recessive patchwork (pwk} mutation in mice is associated with a unique hair follicle phenotype. Mice homozygous for 
patchwork exhibit a variegated coat containing a mixture of white and fully pigmented hairs, but no partially pigmented 
hairs. We have investigated the etiology of this mutation. We report here that the white hairs result from the lack of 
melanocytes in the follicle. As indicated by the coat color pattern of patchwork <-~ albino chimeras, the target cell for the 
patchwork mutation is the melanocyte and/or its precursor. Examination of these chimeras also suggested that patchwork 
does not act in a cell-autonomous manner. The colonization of the skin by melanoblasts in patchwork embryos was studied 
using a lacZ transgene. Melanoblasts die by apoptosis in hair follicles from homozygous pwk/pwk fetuses starting at 
embryonic day 18.5, indicating that patchwork acts from this stage. The combination of pwk and Kit w'ei, a mutation 
responsible for a reduced number of melanoblasts in the hair follicle, suggested that pwk gene product is necessary for low 
numbers of melanoblasts to survive and differentiate in the hair follicle from embryonic day 18.5 onward. We conclude that 
the pigmented hairs on the coat of pwk/pwk mice may be attributed to a community effect among melanoblasts in the hair 
follicle at the end of embryogenesis. © 1998 Academic Press 
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INTRODUCTION 
Melanocytes are specialized cells responsible for the 
pigmentation of the skin, the hair, and the eyes of 
mammals. They are characterized by their dendritic 
shape and the production of the melanin pigments, which 
are deposited in modified lysosomes, the melanosomes 
(Hirobe, 1995; Orlow, 1995). There are two kinds of 
melanins, the brown-black eumelanins and the yellow- 
red phaeomelanins. The mixing of eu- and phaeomela- 
nins in different proportions gives rise to the various coat 
colors known in mice. Melanocyte precursors arise from 
neural crest cells, which leave the apical ridges of the 
neural tube from embryonic day 8.5 (E8.5) onward in the 
mouse (Rawles, 1947; Serbedzija et al., 1990, 1994). 
These cells then migrate within the mesenchymal l yers, 
between the dermamyotome and the ectoderm, following 
a dorsolateral pathway (Serbedzija et al., 1990, 1994; Steel 
et al., 1992). During their migration, they proliferate 
actively and colonize the entire mesenchyme of the body. 
They colonize the epiderm from E12.5 and the developing 
hair follicles from E14.5 (Mayer, 1973; Kunisada et al., 
1996). Hair follicles are skin appendages with a mixed 
origin: the dermal papilla is of dermal origin, while the 
hair matrix, which is the germinal part of the hair bulb 
responsible for the formation of the hair shaft and of the 
internal epithelial root sheath, derives from the epider- 
mis (Hardy, 1992). At E16.5, the hair folhcle melano- 
blasts begin to differentiate into melanocytes (Yoshida et 
al., 1996). After their migration, the melanocytes are 
localized in the innermost layer of the matrix. They 
produce melanin granules which are transported to the 
surrounding keratinocytes responsible for the formation 
of the pigmented hair shaft. Melanogenesls takes place 
exclusively during the anagen, the growing phase of the 
hair cycle (Chase, 1954). 
In the mouse, 87 loci which affect the coat color have 
been identified (Mouse Genome Database,. http://www. 
informatics.jax.org/, 1998). A number of mutations affect 
the precursors of the pigment cells, altering their migration, 
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proliferation, and/or survival during development, e.g., 
Splotch (Pax3Spl, piebald (EdnrbS), dominant  spott ing 
(KitW), and Steel (Mg[ sl) {Silvers, 1979; Jackson, 1991, 1994; 
Jackson et a1., 1994; Barsh, 1996). The mutants  are charac- 
terized by white spotting with hair follicles lacking mela- 
nocytes on an otherwise colored coat. The pigmented areas 
result from an intermingl ing of more or less pigmented 
hairs, depending on the number  of melanocytes in the hair 
bulbs. Hence, these mutat ions  often combine a peculiar 
pigment pattern with a variegated phenotype. 
Other mutat ions  exert an effect on melanocyte terminal  
differentiation. They affect various aspects of the biology of 
the melanocyte: its morphology, the melanocyte-specif ic 
gene expression machinery, the structure and function of 
the melanosome, or the melanogenic enzymes (Silvers, 
1979; Jackson, 1991, 1994; Jackson et al., 1994; Barsh, 19961. 
These mutat ions are exemplif ied by dilute (Myo5aa), mi- 
crophthalmia (Mitre'), pink-eyed di lution (p), and albino 
(TyrO), respectively. In general, the corresponding pheno- 
types are not variegated. 
In this report, we study the etiology of a spontaneous 
mutat ion,  patchwork {pwk), which causes coat color mot- 
tl ing in mice. Animals homozygous for patchwork are 
variegated with white or fully pigmented hairs, but no 
partially pigmented (gray) hairs (K. Moore and V. Pochman, 
unpubl ished results), patchwork has been localized to 
mouse chromosome 10, in a region that lacks any mouse 
mutat ion with a similar phenotype (K. Moore and V. 
Pochman, unpubl ished results). If each hair follicle was 
derived from a single progenitor cell, one possible explana- 
tion for this phenotype could be that the mutat ion has an 
incomplete penetrance and/or expresslvity. However, all 
components of a single hair are derived from more than one 
precursor. This holds true for the melanocytes and for the 
other hair follicle cells, as demonstrated using aggregation 
chimeras (Mintz, 1967; reviewed m Silvers, 1979). To solve 
this apparent contradiction, we have followed the develop- 
ment  of melanoblasts in patchwork embryos and adults. We 
show here that the inwabdl ty  of melanoblasts in the hair 
follicles of fetuses by E18.5 is responsible for the white 
hairs on the coat of patchwork mice. The occasional sur- 
vival of melanoblasts results in the pigmented hairs. It may 
occur whenever patchwork melanoblasts are above a 
threshold number  in the hair follicle. The hypothesis that 
patchwork melanoblasts are subject to a communi ty  effect 
is discussed. 
MATERIALS  AND METHODS 
Mice 
The patchwork mutation arose spontaneously in an outbred 
stock of unknown background. Brother-sister matmgs were per- 
formed until inbreeding was achieved (F? +24}. Albino BALB/cl and 
AKR/I mice were obtained from the INRA and Charles River, 
respectively. (C57BL/6 x CBA/J)F1 mice were obtained from the 
INRA. (129/Sv x C57BL/61 hybrid KitWh'~Z/+ mice were produced 
in our laboratory {Bernex et al.. 1996}. 
Whole.Mount Preparations of Hairs 
Hairs were plucked, placed in 70% ethanol, and degassed over- 
night. They were aligned in Mowlol on histological slides and 
observed using stereoscopic microscopy. 
Genotype Analysis of Embryos 
Genomic DNA was extracted from the yolk sac. The polymor- 
phic microsatellite s quence DlOMitl 17 was amplified by PCR as 
described (Dietrich et al. 1994}, using the primers DlOMIt117f, 
ACTTCCACACATGAGTCATAGCA, and DIOMItl 17r, CCAGT- 
TGTCTTTCTTGGTfq-IG. Amplification conditions were 94°C 
(30 s), 55°C 130 sl, and 72°C 140 s) for 35 cycles. 
I3-Galactosidase ([J-Gal) Act iv i ty  Detection 
/3-Gal acnvity was revealed on 10-day-old skin cryostat sec- 
nons using 5-bromo-4-chloro-3-mdolyl /3-D-galactoslde {X-Gal) 
as a substrate as previously described {Bernex et al., 1996}. 
Whole-mount /3-Gal detecnon was performed on fixed embryos 
from E11.5 to bzrth. For embryonic ages E17.5 to E19.5, fetuses 
were incubated in distilled water at 58°C for 1 ram; then the 
epidermis was removed and the fetuses were fixed and stained as 
described (Bernex et al, 1996}. 
Anti .SlO0 Immunohistochemistry 
Skin samples from 10-day-old mice were fixed for 7 days In 10% 
formaldehyde in phosphate-buffered saline (PBS}, embedded m 
paraffin, and sectioned at 5 ~tm. Sections were deparaffined in 
toluene, rehydrated, and treated as follows at room temperature 
with PBS washes after each step. The secnons were incubated for 
20 mm m a 5% normal goat serum solution (Sigma}. After treat- 
ment with the avidin/blotln blocking kit from Vector Laboratories, 
they were incubated for 90 min with a 1:100 dilution of an Ig 
fraction of rabbit ann-cow S100 antiserum {Dakopatts) m PBS 
containing 1% bovine serum albumin (BSA) and 1% normal goat 
serum. They were then incubated for 1 h with a biotin-conjugated, 
goat F(ab'12 ann-rabbit IgG antiserum (Caltag; 2:1000 dilution in 
PBS with 1% BSA and 1% normal goat serum}. After the endoge- 
nous peroxadase activity was blocked with 0.3 % hydrogen peroxade 
m methanol for 20 mm, the sections were incubated for 1 h with an 
extravidine-peroxidase conjugate (Sigma; 1:50 dilution in PBS) and 
for 3 mm with aminoethyl carbazole {AEC) red (Zymed). Slides 
were counterstamed with Mayer's hematoxyhn (Immunotechl and 
mounted with Mowiol. Sections were viewed using bright-field 
microscopy. 
Anti-13-Galactosidase fmmunofluorescence and 
Detection o[ Apoptot ic  Cells 
Fetuses ranging from E17.5 to birth were recovered, fixed, frozen, 
and cryostat-sectioned as previously described (Bemex et at., 1996}. 
The sections were fixed for 10 min in acetone and conserved at 
-80°C. They were postfixed in 4% paraformaldehyde for 10 to 20 
min, depending on the developmental stage, and treated as follows 
with two 10-min PBS washes after each step. They were mcubated 
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overnight at 4"C in a 2:1000 dilution of rabbit IgG fraction to 
/3-~alactosidase ntiserum (Cappel) in PBS with 1% normal goat 
serum. After permeabilization for 2 rainat4"C in 0.1% Triton 
X-100 and 0.14% trisodium citrate dihydrate, they were incubated 
for 1 h at 37°C in a TUNEL reaction mixture (In Situ Cell Death 
Detection Kit, fluorescein; Boehringer Mannheim). After incuba- 
tion $or I h at room temperature in a tetramethyl rhodamine 
isothiocyanate [TR1TC}conjugated goat anti-rabbit IgG 11:200 dilu- 
tion; Jackson Immuno Research), the sections were mounted in 
Mowiol and viewed using immunofluorescence microscopy {Zeiss; 
Axioskop). 
At least three embryos of each genotype were examined for each 
time point. 
% r , ' .  
Aggregation Chimeras 
The method escribed by Bowman and McLaren (1970) was 
used with minor modifications. Four- to eight-cell embryos were 
harvested at E2.5. The zona pellucida was removed with acidi- 
fied Tyrode's olution (pH 2.5) [Nicolson et al., 1975). The 
embryos were rinsed and incubated as pairs with stage-matched 
embryos in Whitten's medium at 37°C in 5% CO 2 in a humidi- 
fied atmosphere for 24 h. The expanded blastocysts were trans- 
ferred to the uterus of E2.5 pseudopregnant (C57BL/6J x CBA/ 
JIF1 female mice. Chimerism was monitored by coat color and 
progeny testing. 
RESULTS 
There Are No Melanocytes in pwk/pwk White 
Hair Follicles 
The coat of patchwork mice is a juxtaposition of two 
kinds of hairs, white hairs (which together make up about 
40% of the total number of hairs) and fully pigmented 
hairs, resulting in a salt-and-pepper phenotype {Fig. 1). 
This phenotype is similar on agouti (A/A) and nonagouti 
{a/a} backgrounds, indicating that the mutation acts 
regardless of the nature of the pigment synthesized in the 
melanocytes. We examined whole-mount preparations of 
pwk/pwk hairs. In the fully pigmented hairs, all medul- 
lary cells contained melanin granules in equivalent pro- 
portions, as occurred in the wild-type hairs. In the white 
hairs, there was no detectable pigment deposited in the 
medullary cells, which appeared entirely white (data not 
shown). The absence of pigmentation may be due to the 
complete lack of melanocytes in the hair follicle, as 
observed for several mutations that affect melanocyte 
survival. Alternatively, this phenotype may result from 
a defect in an enzyme involved in the synthesis of 
melanin. To determine whether pwk affects melano- 
cyte survival or its function, we took advantage of the 
Kit waltz allele (Bernex et al., 1996). This allele was 
created by replacing the first exon of Kit with the 
Escherichia coli IacZ gene using gene targeting technol- 
ogy. The lacZ reporter gene allows one to follow the 
distribution of Kit-expressing ceils, including melano- 
cytes and their precursors. KitWao~z[+ mice are normally 
pigmented, except hat they have white feet and a white 
FIG. 1. patchwork (pwk]pwk) homozygote. Note the salt-and- 
pepper phenotype due to the mixing of white and black hairs. There 
is no obvious patterning, even on the coat of younger individuals. 
Furthermore, there is no spatial difference: the percentage of whit
and black hairs is the same in head, dorsal, abdominal, and tail 
reg ions .  
tail tip. We produced mice carrying the Kit T M  allele in 
combination with the patchwork [pwkl, albino [TyrOl, and 
viable dominant spotting [Kit wv} mutations, respectively 
(Table 11. pwk/pwk KitW~a~z/+ mice do not differ phe- 
notypically from pwk/pwk mice, except for their white 
feet and tail tip. As expected, Tyr~/Tyr c KitWaocz/+ mice 
are white, due to the Cys85 --~ Ser amino acid substitu- 
tion in the tyrosinase which destroys its enzymatic 
activity (Yokoyama et al., 1990). Finally, KitWV/KitWa~z 
double heterozygotes are black-eyed white, since their 
hair follicles lack melanocytes (Mayer, 1970). We exam- 
ined the/3-Gal labeling obtained following a histochemi- 
cal staining with X-Gal in hair follicles of pwk/pwk 
KitW~z/+, 73zrC/Tyr ~ KitW4acz/+, and KitWV/Kit T M  
10-day-old mice. In pwk/pwk KitW-J~z/+ pigmented hair 
follicles (Fig. 2A), as well as in Tyr~/Tyr ~ Kitwl~z/+ 
follicles (Fig. 2C), /3-Gal-positive cells were found at 
the top of the hair bulb, in the most internal ayer of 
the matrix, in contact with the dermal papilla. These 
cells were also detected with an anti-S100 antibody (Figs. 
2E and 2G), which stains melanocytes (Smoller et al., 
1991; Ito et al., 1993). By contrast, these 13-Gal-, S100- 
positive cells were found neither in pwk/pwk KitW~o~z/+ 
white hair follicles (Figs. 2B and 2F) nor in KitW~/Kit T M  
follicles (Figs. 2D and 2H). /3-Gal-positive, S100-negative 
cells were found in more external layers of the matrix 
and in the dermal papilla of pwk/pwk KitWl~z/+ mice 
(Figs. 2A, 2B, 2E, and 2F), as well as in all controls (Figs. 
2C, 2D, 2G, and 2H and data not shown); thus, they are 
not pigment cells. We conclude from theso experiments 
that the white hair follicles of pwk/pwk mice lack 
melanocytes. 
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TABLE 1 
Mutant Phenotypes and Molecular Defects of the Mice Used in This Study 
Coat color phenotype Mutation .Reference 
Kit T M  K1tW'~¢z/+ heterozygotes have white feet and Insertion of the lacZ gene of (Bernex et al., 1996) 
a white tail tip. Escherichia coli in place 
Kit w'~ 
KitW'e+ 
Tyr ~ {albino} 
KitW~/+ mice have white feet and a white tail 
tip. KltWV/Kit T M  mice  are  black-eyed 
white. 
KitW~'/+ mice have a moderate-sized white 
belly spot, white feet, and a white tail tip; 
furthermore, their coat is composed of a 
mixture of white, gray, and black hairs. 
Tyr~/Tyr ~ mice are pink-eyed white. 
of the first exon of Kit 
Missense mutation {Nocka et al., 1990) 
replacing threonine 660 of 
Kit with methionine. 
Missense mutation (Panthler et al., 1990; 
replacing lycine 597 of De Sepulveda et al., 1994) 
Kit with alanine. 
(Jackson and Bennett, 1990) Missense mutation 
replacing cysteine 85 of 
tyrosinase with serine. 
patchwork Affects Late Melanocyte Development 
To determine the developmental  process affected by 
the patchwork mutation, we studied the pattern of Kit 
distribution in the mesenchyme and skin of pwk/pwk 
Kitw1acz/+ and pwk/+ Kitwzacz/+ embryos from E l l .5  
to birth. D10Mitl17, a marker closely l inked to patch- 
work, was used to assess the genotype of embryos at the 
pwk locus. The embryos were stained by whole mount  
for 13-Gal activity. The distribution of/3-Gal-positive cells 
in pwk/pwk KitW~cz/+ embryos was identical to that of 
pwk/+ KitW1~cz/+ l i t termates at every stage examined 
between E l l .5  and E17.5. At E17.5, hair foll icles pro- 
truded from the epidermis, and melanoblasts were found 
in all protuberances in all the pwk/pwk KitWl~z/+ 
fetuses examined at this stage {Figs. 3A and 3B). The same 
pattern was observed in all the control fetuses obtained 
from each l itter (i.e., pwk/+ KitW-l~cz/+ individuals). We 
compared lacZ expression in skin sections of pwk/pwk 
KitWl~z/+ and pwk/+ KitW~z/+ newborn mice. In 
pwk/+ KitW-l~¢z/+ newborn mice, all hair foll icles were 
pigmented; they all contained /3-Gal-positive melano- 
cytes. In pwk/pwk KitWZ~¢z/+ newborn mice, the pig- 
mented hair follicles contained /3-Gal-positive melano- 
cytes, whi le the white hair foll icles lacked these jB-Gal- 
positive foll icular cells {data not shown). However, on 
exceptional occasions, a single /3-Gal-positive pigment 
cell could be detected in follicles of unpigmented hairs 
(see below). Altogether, our results indicate that the 
migration, proliferation, and survival of melanoblasts 
homozygous for patchwork are not obviously affected 
unti l  E17.5 and that the disappearance of melanocytes or 
their precursors must occur in hair foll icles between 
E17.5 and birth. 
To assess how and when patchwork melanoblasts die, 
we looked for apoptotic melanoblasts and/or melanocytes 
in the hair follicles of pwk/pwk KitW-l~cz/+ and pwk/+ 
KitWl~cz/+ fetuses from E17.5 to birth. Melanocytes and 
their precursors were identified by immunostaining with an 
anti-/3-galactosidase antibody. Apoptotic cells were de- 
tected after specific staining of nuclear DNA fragmentation 
using the TUNEL method (Gavrieli et al., 19921. One or 
more J3-Gal-positive, TUNEL-positive hair follicle cells 
were found on skin sections from 8 of 12 pwk/pwk 
Kitwl~z/+ individuals from E18.5 to birth (Fig. 4 and Table 
21. All the double-stained cells were seen in nonpigmented 
hair follicles. By contrast, no double-stained hair follicle 
cell was detected on any skin sections from 12 pwk/+ 
KitWlacz/+ individuals from E18.5 to birth. The number of 
fetuses with double-stained hair follicles cells was signifi- 
cantly higher in patchwork individuals than in their control 
l ittermates (two-tailed Fisher's exact test, P value = 
0.00135}. We conclude that the pwk/pwk genotype causes a 
significant increase in the occurrence of double-stained hair 
follicle cells starting at E 18.5. These results indicate that in 
pwk/pwk KitWl~z/+ hair follicles, melanoblasts undergo 
apoptosis between E18.5 and birth. Altogether, the patch- 
work mutation leads to the premature cell death of mela- 
noblasts at the end of fetal life; at least a fraction of the 
melanoblasts die by apoptosis. 
There Are No Gray Hairs in pwk/pwk KitW'ei/+ 
Double Mutants 
Mutations of tl~e Kit gene affect melanoblast survival 
from E10.5 onward (Bernex et al., 1996; MacKenzie et al., 
19971. As a result, the coat color of Kit mutants is more 
or less depigmented, depending on the Kit allele. In 
particular, the coat color of KitW~'/+ mutants consists 
of white, fully pigmented, and gray hairs (De Sepulveda 
et al., 1994; for an example of KitWe'/+ coat color 
phenotype, see Panthier et al., 1990). Microscopical  
examinat ion of the gray hairs revealed that their medul- 
lary cells contained a variable amount of pigment gran- 
ules, some of them being completely devoid of melanin 
{data not shown). Current understanding of Kit action 
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FIG. 2. Detection of melanocytes in the hair follicles of 10-day-old mice by X-Gal staining (A, B, C, D) and S100 immunocytochem- 
istry (E, F, G, H). {A and E) pwk/pwk KitWa"cz]+ pigmented hair follicles, with several functional melanocytes (arrows) in the most 
internal layer of the bulb matrix (bm) in contact with the dermal papilla (dp). Melanocytes are both fl-Gal- (A) and S100- (E) positive. 
They are found at he same location asin the Tyr~/Tyr c KitWJacz/+ hair follicles (positive controls) [C and G). [B and F) pwk/pwk 
Kitw~°cz/+ white hair follicles, fl-Gal- (B) and S100- (F) positive cells are lacking, as in the KitWV/KitW-Ja~z hair follicles (negative 
controls) (D and Hi. fl-Gal-positive S100-negative c lls can be seen in the hair matrix and the dermal papilla of pwk/pwk Kitwzacz/+ 
white hair follicles (B, arrowheads) and were found at the same location in all genotypes (arrowheads and data not shown). These cells 
are not pigment cells (bars, 25/zm). 
on melanoblasts survival indicates that the white hairs 
are produced by hair follicles devoid of melanocytes, the 
fully .pigmented hairs by hair follicles with a normal 
number of melanocytes, and the gray hairs by hair 
follicles with an intermediate number of melanocytes. 
pwk/pwk KitWe~/+ double mutants  were produced. 
The fur color of pwk/pwk KitWe~/+ mice was much 
diluted compared to that of pwk/pwk mice (Fig. 5, to 
compare with Fig. 1). Furthermore, whole-mount prep- 
arations of hairs revealed that pwk/pwk KitW-~/+ 
mice display 85% whi te  and 15% ful ly p igmented 
hairs, but no gray hairs. The absence of gray hairs 
indicates that patchwork melanoblasts cannot survive 
and differentiate when they are in reduced number in the 
hair follicle. 
Melanoblasts Are Target Cells for patchwork 
In view of the patchwork coat color phenotype, one could 
postulate that patchwork acts via the hair follicle nviron- 
ment: survival of melanoblasts would depend on a hair 
follicle characteristic ontrolled by the patchwork gene. 
Alternatively, patchwork could act via the melanoblasts 
themselves. Mouse chimeras produced by aggregating four- 
or eight-cell embryos that differ at a coat color locus allow 
one to discriminate between the determinants that act via 
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FIG. 3. Detection of melanoblasts in the head of a E17.5 pwk/pwk KitWJacz/+ fetus by X-Gal st~aing. (A) The melanoblasts are gathered 
in cell clusters at the top of the developing hair follicles. {BI Magnification of the framed region in A, showing cell clusters with a varying 
number of melanoblasts, ranging from 1 (arrows) to more than 10 (bar, 2 mm). 
FIG. 4. Detection of apoptotic melanoblasts in longitudinal sections ofpwk/pwk KitWlacz/+ hair follicles using double immunofluores- 
cence./3-Gad-positive cells are in red. TUNEL-positive apoptotic ells are in green. Apoptotic and/3-Gal-positive c lls are in yellow. (A) 
Pigmented hair follicle of a newborn patchwork mutant. The melanoblasts and melanocytes are found at the same location as in Figs. 2A 
and 2C. In the hair shaft (hs), the apoptotic medullary cells form a ladder. [B-D) White hair follicle of a E18.5 patchwork fetus. The 
comparison ofthe anti-/3-Gal (C) and TUNEL staining (D) with the double immunofluorescence (B) reveals an apoptotic melanoblast (arrow) 
(bars, 12.5 v.m}. 
the hair follicle and those that act via the melanoblast 
[Mintz, 1967}. Chimeras display variegated coat patterns, 
with transverse bands of both phenotypes, which reflect he 
clonal ontogenies of hair follicle cells and melanoblasts. 
Indeed, there are approximately 170 somite-derived, orso- 
ventral, narrow transverse hair clones (Mintz, 1967, 1971); 
mutations in genes acting via the hair follicle affect the hair 
clonal pattern. On the other hand, there are approximately 
34 dorsoventral, wide transverse melanocyte clones, each 
mitotically descended from a single melanoblast precursor 
(Mintz, 1967, 1971); mutations in genes acting via the 
melanoblast affect the melanocyte pattern. As a conse- 
quence, mutations in genes acting via the melanoblast 
result in chimeras exhibiting wide bands, while .mutations 
in genes acting via the hair follicle result' in chimeras 
exhibiting narrow bands. We produced aggregation chime- 
ras between homozygous patchwork [pwk/pwk + Ty~.~+ ryr-c/ 
+73,~-c} and albino (+lJwk/+pwk T~/Tyr  el embryos . Het- 
erozygous patchwork {pwk/ + pwk +73,~-c+73,r-~/+73,~-~) and 
homozygous albino embryos were also combined as con- 
trols. A total of 17 patchwork ~ albino chimeras were 
produced. Most of them transmitted both albino and patch- 
Copyright O 1998 by Academic Press. All rights of reproducnon in a y form ~e.senred. 
272 Aubin-Houzelstein et al. 
TABLE 2 
Det-ection ofApoptotic Melanoblasts in Fetuses 
Stage Genotype 
Number of positive fetuses" 
[number of apoptotic 
melanoblasts detected) 
Number of fetuses 
[total number of hair 
follicles examined) 
E17.5" pwk/pwk Kitwa"cz/+ 0 (0) 4 (22) 
pwk/+. Kitw'l"cz/+ 0 {0) 4 (19) 
E18.5 pwk/pwk KitWa°cz/+ 2 (3J 4 (42) 
pwk/+ KitWaa~z]+ 0 (0) 4 (451 
E19.5 pwk/pwk IO'twa~cz/+ 3 (6) 5{87) 
pwk/+ Kitw4acz/+ 0 (0J 5 (94) 
Newborn pwk/pwk Kit w-la~z/ + 3 b {3) 3 [ 17) 
pwk/+ KitW'tacZ/+ 0 (0) 3 (24) 
Fetuses were considered positive when at least one hair follicle contained a fl-Gal-positive, TUNEL-positive cell. 
b Although 3/3 mutant fetuses were found positive, a single fl-Gal-positive, TUNEL-positive pigment cell was det c ed ineach of them. 
work phenotypes to,their progeny and thus were germ-line 
chimeras. All exhibited the patchwork coat color pheno- 
type to some extent. The chimeras were characterized bya 
striped coat color, with adjacent bands either white lalbino) 
or salt-and-pepper {patchwork) {Fig. 6A). The bands were 
large and well-defined, as those seen in aggregation chime- 
ras when the two contributing strains differ with respect to 
a melanocyte marker which acts via the melanocyte 
(Mintz, 1967). Most importantly, the transverse pigmented 
bands corresponding to melanoblast clones were devoid of 
any subclones; such subclones would be formed if the 
patchwork gene product was able to influence indirectly 
the survival of melanoblasts through the hair follicle cell 
components. We conclude that the primary defect in pwk/ 
pwk mice resides in the melanoblast rather than in the hair 
follicle. 
HG. 5. Coat color phenotype of a pwk[pwk KitW~'[+ mouse. The 
fur contains no gray hairs. Note the diluted coat col r compared 
with Fig. 1. 
patchwork Encodes a Nonautonomous Signal for 
Melanoblast Survival 
Taken together our results suggest hat the patchwork 
pattern arises because the melanocyte precursors cannot 
differentiate into melanocytes when present in low number 
in the hair follicle. The survival defect might result from an 
autonomous genetic defect in single melanoblasts~ uch 
defect would not be rescued by mixing normal nd mutant 
melanoblasts. Alternatively, it could result from deficient 
cell-cell interactions or abnormal diffusible gradients~ in 
this case, the presence of wild-type cells in a hair follicle 
would occasionally rescue the mutant cell phenotype. To 
investigate whether the pwk/pwk genotype caused an au- 
tonomous defect, we closely inspected the coat of the 
aggregation chimeras and we found gray hairs at the bound- 
aries between patchwork and albino bands (Fig. 6B). The 
occurrence ofmixed hairs in chimeras has been reported; it
indicates that more than one melanocyte precursor may 
colonize a single hair follicle (Mintz, 1969). In this regard, 
gray hairs in patchwork *-~ albino chimeras must have been 
produced by melanocytes of both genotypes. We conclude 
that pwk/pwk melanoblasts, even in small numbers, can 
survive, differentiate, and participate in the formation of a 
follicle in conjunction with melanoblasts carrying a wild- 
type allele at the pwk locus. Thus, the defect associated 
with patchwork is not strictly melanoblast autonomous 
(see Discussion). 
D ISCUSSION 
The Survival of patchwork Melanoblasts Is 
Dependent upon Their Number in the Hair Follicle 
To identify melanoblasts in pwk/pwk KitWa~cz/+ em- 
bryos, we have taken advantage of the Kit TM allele, a 
null mutation generated by insertion of the lacZ gene 
into the first exon of Kit. MacKenzie t al. (1997) recently 
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FIG. 6. 10-day-old albino ~ patchwork chimera. (A) Co t color phenotype: The transverse bands of both parental phenotypes represent 
melanoblast clones. The melanoblast clonal pattern with the left-right asymmetry is typical of mutations affecting the melanocyte and/or 
its precursor. (B} The three hair colors found in the chimera. The black hair (fight) was produced by a hair follicle containing patchwork 
melanoeytes; it can be found in the patchwork bands. The white hair (l ft) was produced by a hair follicle either containing onfu ctional 
melanocytes, asin albino bands, or devoid of melanocytes, asin patchwork bands. The gray hair (middle) can be found nly at the 
boundaries between patchwork and albino bands; it was produced by a hair follicle containing a mixture of albino and patchwork 
melanocytes. This indicates that the patchwork melanoblasts in reduced number in the hair follicle were rescued by the albino 
melanoblasts; these patchwork melanoblasts survived and differentiated further into functional melanocytes [bar, 50 gin). 
reported that there is a significant decrease in the number 
of melanoblasts in embryos heterozygous for Kit wv, a 
point mutation exerting a dominant negative ffect in 
comparison to wild type. Thus the embryos heterozygous 
for the Kit T M  null allele may not give an accurate 
representation f melanoblast distribution in wild-type 
embryos. Therefore the effect of the patchwork mutation 
on melanoblast development was assayed by comparing 
the X-Gal staining in KitWaacz/+ embryos that were 
heterozygous orhomozygous for the patchwork mutation 
from within the same litter. No difference in expression 
of the lacZ reporter was seen until E18.5. By E18.5, 
apoptotic melanoblasts were repeatedly found in hair 
follicles in Kitw-z"cz/+ fetuses that were homozygous 
for the patchwork mutation. In contrast, no apoptotic 
melanoblast has ever been detected in hair follicles in 
Kitwaacz/+ fetuses heterozygous for the patchwork mu- 
tation. Furthermore, in KitWa"cz/+ fetuses homozygous 
for the patchwork mutation, apoptotic melanoblasts 
were found only in the follicles of unpigmented hairs; no 
apoptotic melanoblast was detected in the follicles of 
pigmented hairs. These observations are consistent with 
a vital role for patchwork by E18.5. 
The results obtained with the Kit wei mutation highlight 
the importance of the melanoblast number in the patch- 
work phenotype. The follicles of q_pwk/_~pvcl¢ KitW-~i/+ mice 
contain variable numbers of melanocytes; their hairs are 
white, gray, or fully pigmented. The gray hairs indicate that 
melanoblasts carrying wild-type alleles at the pwk locus 
can survive and differentiate in the hair follicle, even when 
their number is too low to produce a fully pigmented hair. 
By contrast, the coat of pwk/pwk KitW-~i/+ mice contains 
more white hairs, but no gray hairs. Thus, the survival of 
patchwork melanoblasts depends on their number within a 
given hair follicle. 
Gray hairs were found in patchwork ~ albino chime- 
ras, at the limits between albino and patchwork bands. 
They must have been produced by mixed hair follicles 
containing both albino and patchwork melanocytes. 
Thus patchwork melanoblasts in low number survive and 
differentiate in the mixed hair follicles, indicating that 
the patchwork defect can be rescued by neighboring 
normal cells. In other words, the action of the patchwork 
gene is not cell autonomous. The rescue does not result 
from the chimeric follicular environment, but from the 
presence of albino melanoblasts. This is hown by the 
coat color phenotype of the aggregation chimeras, which 
indicates that patchwork acts via the melanoblast, rather 
than via its environment. The albino melanoblasts pre- 
sumably provide the patchwork melanoblasts with a 
survival and/or a differentiation signal. 
Possible Mechanisms for patchwork 
One model to account for our data is that the pwk gene 
product is secreted by melanoblasts and that its concentra- 
tion is crucial for melanoblast urvival and/or differentia- 
tion in the hair follicle at E18.5. In pwk/pwk hair follicles, 
when the concentration f the pwk gene product is below a 
certain threshold, the melanoblasts fail to differentiate and 
die. Thus, groups of few pwk/pwk melanoblasts die, but 
larger groups survive because an above-threshold concen- 
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tration of the mutant protein is produced. In patchwork 
albino chimeras, the patchwork protein expressed by albino 
melanoblasts rescued the viability and differentiating po- 
tential of the pwk/pwk melanoblasts colonizing the same 
hair follicle. However, this lack of cell autonomy does not 
necessarily imply that the patchwork gene encodes a dif- 
fusible product; indeed, it may control the production of 
one. Thus, patchwork could encode a protein involved in 
the expression ofa secreted product rather than the product 
itself. 
Another possibility is that pwk encodes a receptor in- 
volved in an intercellular signal for melanoblast urvival 
and/or differentiation at E18.5. This latter mechanism is
known to be responsible for the melanocyte defect associ- 
ated with the piebald (Ednrb) phenotype. Ednrb acts primar- 
ily on melanoblast viability in a non-cell-autonomous man- 
ner, as does pwk (Mayer, 1977; Kapur et al., 1995). However 
Ednrb acts before El0.5 (Pavan and Tilghman, 1994), 
whereas pwk acts at E18.5 {our data). As a result, mice 
homozygous for a severe allele at the Ednrb locus are 
almost completely white with only small pigmented areas. 
Both mutations have an all-or-nothing behavior: pigmented 
areas in Ednrb mutants are fully colored, as are the pig- 
mented hairs in pwk/pwk mice. Edrzrb encodes the 
G-protein-coupled receptor-B (EDNRB) for endothelin 3
(EDN3). EDNRB is expressed in melanoblasts, while EDN3 
is secreted in their environment (Baynash et al., 1994; 
Hosoda et al., 1994; Kaput et al., 1996). To account for the 
cooperation between EDNRB-expressing cells, Kapur et al. 
(1995) have proposed a model in which autocrine or para- 
crine stimulation of cells expressing the EDNRB receptor 
initiates downstream events that alter the extracellular 
environment encountered by EDNRB-bearing cells and 
thereby modulate their behavior. As a result, the prolifera- 
tion, migration, and/or survival of EDNRB-bearing cells 
would be stimulated. This model could also apply to 
patchwork-expressing cells. 
Variegations in patchwork  Mice 
Individuals with an apparent mixture of two pheno- 
types, i.e., variegated phenotype, occur in mice. Such 
variegation can be due to genetic events, such as mitotic 
recombination (De Sepulveda et al., 1995) or deletion 
(Gondo et al., 1993). It is also observed for X-linked coat 
color mutations due to inactivation ofone or the other of 
the X chromosomes (Lyon, 1961). We provide evidence 
that the variegated phenotype of patchwork mice results 
from the cooperation of several melanoblasts, allowing 
any one of them to survive and progress to a differenti- 
ated state. Interestingly, melanoblasts originating from 
the epidermis or from adjacent pigmented hair follicles 
do not colonize the follicles devoid of melanocytes. This 
indicates that from E18.5 onward, each follicle is an 
independent developmental unit. Furthermore, the cho- 
roid of the eyes of pwk/pwk mice, which contains neural 
crest-derived melanocytes, has a normal pigmentation 
(data not shown). Thus, patchwork has no effect on 
melanoblasts outside the hair follicle, either because the 
large number of melanoblasts within the choroid pro- 
duces a sufficient amount of the pwk protein or because 
pwk is not needed in the eye. 
Two-thirds of pwk/pwk mice exhibit patches of wild- 
type coat (data not shown). The shape and distribution of 
these phenotypic reversion patches are similar to those 
previously observed in Kit mutant mice and to the 
phenoclones of aggregation chimeras (Mintz, 1971; Pan- 
thier et al., 1990). These phenotypic reversions could 
result from the clonal development of melanoblasts 
strongly expressing the mutant allele, although other 
mechanisms cannot be excluded. 
patchwork Melanoblasts Are Subject 
to a Communi ty  Effect 
The accumulated data are consistent with survival of 
patchwork melanoblasts being dependent upon their num- 
ber in the hair follicle. Such a phenomenon has been 
described as a community effect (Gurdon, 1988; Gurdon et 
al., 1992, 1993a, b). This concept implies interactions 
between cells of the same type in order to respond to 
inductive signals. Initially described in the Xenopus em- 
bryo for uncommitted cells, it was later extended to cells 
already engaged in a specific differentiation pathway. In- 
deed, committed cells occasionally need to cooperate to 
respond to differentiation signals (Gurdon et al., 1992, 
1993a). Community effects have also been described in 
Drosophila and in zebrafish (Stuttem and Campos-Ortega, 
1991; Ho, 1992). In the mouse, ex vivo experiments have 
shown that a minimal number of 30-40 cells is required for 
mesodermal cells to give rise to myogenic lones (Cossu et 
al., 1995). However, examples illustrating community ef- 
fects in mammals remain rare, and remarkably few data 
exist concerning mammalian genes controlling a commu- 
nity effect. One reason is that mutations in these genes are 
expected to lead to severe phenotypes, resulting from the 
loss of a cell lineage or a cell type. The best conditions for 
identifying these mutants will be met when the commu- 
nity effect concerns a cell lineage whose absence does not 
affect he viability and the fertility of the mutant. We think 
that these conditions are fulfilled in the case of the patch- 
work mice. 
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